The National Metrology Institute of Japan has issued a certified reference material of bioethanol (NMIJ CRM 8301-a) for the quantification of water, methanol, sulfur, and copper. This paper presents technical details for the characterization of the water in NMIJ CRM 8301-a. The characterization was performed using coulometric and volumetric Karl-Fischer (KF) titrations. To reduce moisture absorption, sample handling and KF titration were performed in a glove box under a dried nitrogen atmosphere. In addition, a rubber cap with a three-way valve was attached to the ampoule immediately after opening so as to minimize the influence of moisture. Sample aliquots were obtained using a gas-tight microsyringe through the valve, and injected into the KF cell as soon as possible. The certified value of water obtained from coulometric and volumetric KF titrations was 1.688 mg g -1 , and the expanded uncertainty (coverage factor, k = 2) was 0.028 mg g -1 . This CRM would be suitable for the monitoring of water in bioethanol and similar matrices.
Introduction
The use of biofuels, such as bioethanol and biodiesel, is significant to extend supplies of gasoline and diesel fuel. 1 Biofuels, as renewable fuels, also have the potential to reduce the emissions of greenhouse gases. However, at present, biofuels cause more engine trouble rather often compared with fossil fuels, because of deterioration due to impurities in the raw materials, oxidation, and/or moisture absorption.
Bioethanol is mainly used by blending it with gasoline. Water can enter ethanol during production, distribution, and storage. The presence of water in the fuel can enhance the corrosion of internal-combustion engines and fuel tanks. If the water content in ethanol-blended gasoline increases to a certain level, phase separation may occur. Undissolved water in the fuel lines can cause the engine to run unevenly or stall. To prevent these effects, the water content in bioethanol fuels has been regulated to less than 7 mg g -1 in many countries. 1-3 A number of analytical methods have been proposed for the determination of water content; however, the most reliable and widely applicable method is that based on the classical Karl-Fischer (KF) titration. [4] [5] [6] [7] [8] This is a method for determining water using KF reagents (consisting of compounds such as iodine, sulfur dioxide, bases, and alcohols), which react selectively and quantitatively with water. The popularity of KF titration is due to several practical advantages compared with other methods of moisture determination, i.e., high accuracy, selectivity for water, wide measurable range, small sample quantity requirement, and short analysis time. The method is also applicable for the determination of water in biofuels. 2, 9, 10 For quality control of water in biofuels, reference materials with well-characterized certified values and precise measurement techniques are essential. Very recently, the National Institute of Metrology, Quality and Technology (Inmetro, Rio de Janeiro, Brazil) issued a certified reference material for water content in bioethanol. 11 However, there has been insufficient discussion about moisture absorption, even though KF titrations have been operated in ambient air. There are also few reference materials with certified water content and, in Japan, no biofuel reference materials had been prepared. Therefore, the National Metrology Institute of Japan, the National Institute of Advanced Industrial Science and Technology (NMIJ, AIST) has issued a bioethanol certified reference material (NMIJ CRM 8301-a). This CRM is intended for use in evaluating analytical methods for the determination of water, methanol, sulfur, and copper 12 in bioethanol. The certified values are 1688 ± 28, 482 ± 23, 2.43 ± 0.23, and 0.0537 ± 0.0041 mg kg -1 , respectively. The certifications of these components were performed by the procedure and quality system which are used for existing NMIJ matrix CRM: by applying more than one primary method of measurement and/or an equivalent validated method by using calibration sources traceable to the International System of Units (SI). 13 In this paper, technical details for the characterization of water in this CRM using coulometric and volumetric KF titrations are presented.
Experimental

Preparation of the candidate reference material
The raw material of this CRM is bioethanol fuel that was made from rice. According to the results of preliminary experiments, the concentrations of water, methanol, sulfur, and copper were much lower than the regulated values of each. Therefore, water, methanol, dimethylsulfide, and copper(II) acetate (ethanol solution with acetic acid) were added gravimetrically. To allow for accurate estimations of water regulation levels, purified water was added to a concentration of 1.7 mg g -1 (a quarter of the regulation [1] [2] [3] ). The prepared bioethanol was homogenized by mechanical mixing, and 8.5 mL of the mixture was sealed in an amber glass ampoule with argon gas.
Reagents and chemicals
Hydranal-Coulomat AG, Hydranal-Coulomat CG, and Hydranal-Composite 2 were purchased from Sigma-Aldrich Japan (Tokyo, Japan). Solvent ML was obtained from Hayashi Pure Chemical (Osaka, Japan). Ethanol (1st grade) was purchased from Kanto Chemical (Tokyo, Japan) and NMIJ CRM 4001-b (ethanol) was used to prepare the calibration standard solutions. NIST SRM 2890 (water saturated 1-octanol) was obtained from the National Institute of Standards and Technology (NIST, Gaithersburg, MD). NIST SRM 2225 (mercury) and SRM 2232 (indium) were used for calibrations of the temperature and enthalpy of fusion for differential scanning calorimeter (DSC) measurements, and were obtained from the NIST. The water used in this study was purified with a Milli-Q Integral 3 (Millipore, Billerica, MA) system. About 300 mL of purified water (resistivity > 18 MΩ cm) was collected in a Teflon bottle, and preserved at -30 C until analysis.
DSC measurements
The freezing-point depression method was carried out using a DSC 822e (Mettler Toledo, Schwerzenbach, Switzerland) in a continuous scan mode (rate of temperature increase, 0.1 C min -1 ). The water samples (1.0 to 2.8 mg) were sealed into 40 μL aluminum crucibles under dried nitrogen atmospheres (dew point: below -30 C). Nine subsamples were analyzed, and the amount-of-substance fraction of each impurity was calculated.
Evaporation residue
Approximately 300 mg of water was taken into a glass cell, under a nitrogen gas stream (200 mL min -1 ), after preliminary drying at 80 C for 1.5 h, and then dried at 150 C for 1 h. The residue after evaporation was measured by weighing the mass difference of the glass cell using a microbalance, SC2 (Sartorius, Göttingen, Germany). Balances for weighing the amount of sample were calibrated by Japan Calibration Service System (JCSS).
Preparation of the calibration standard solutions
Preparation of the calibration standard solutions was performed by gravimetric mixing in a glove box. Water was diluted by ethanol (NMIJ CRM 4001-b) to a concentration of 50 mg g -1 (1st diluted solution). This solution was then diluted to 4 mg g -1 by ethanol (2nd diluted solution). The 2nd diluted solution was diluted again to concentrations of 1, 2, and 3 mg g -1 (3rd diluted solutions). The 2nd and 3rd diluted solutions and ethanol were used as calibration standard solutions. The preparations of the solutions were performed using glass vials, and Mininert valves were attached to the vials just after weighing to prevent moisture absorption.
Coulometric KF titration
Coulometric KF titration was performed by using an MKC-510N (Kyoto Electric Manufacturing, Kyoto, Japan) instrument with a diaphragm cell. Hydranal-Coulomat AG was used as the anolyte solution and Hydranal-Coulomat CG was used as the catholyte solution. The wait time for titration was 0 s, and the titration period was 300 s. The auto-endpoint judgment function was not used because the precision of results obtained by a constant titration period was better for ethanol samples.
Since ethanol is hygroscopic, all operations, ampoule openings, sampling, weighing, and KF titrations were performed in a glove box under a dried nitrogen atmosphere (dew point, -30 to -20 C; purged with 4 L min -1 nitrogen gas). Additionally, just after breaking the neck, a nitrile rubber cap (Nichiden-Rika Glass, Kobe, Japan) with a three-way valve was attached to the ampoule (Fig. 1 ). The gas-tight microsyringe was washed with a small amount of sample solution 5 times just before sampling. A sample aliquot, 0.4 mL (ca. 0.3 g), was taken with the syringe through the valve, and was weighed using a precision balance, AB204 (Mettler Toledo, Greifensee, Switzerland), which was calibrated by JCSS. The aliquot was injected into the KF electrolytic cell immediately. The empty syringe was then weighed to determine the net sample amount that was injected into the cell.
Volumetric KF titration
Volumetric KF titration was performed using an MKS-500 (Kyoto Electric Manufacturing) instrument. Hydranal-Composite 2 was used as the titrating agent, and Solvent ML was used as the working medium. Titer determination was performed using 5% water in ethanol prepared by mixing gravimetrically in a glove box. An aliquot of this solution (0.15 mL, ca. 0.12 g) was injected into the cell. Other conditions were the same as in the coulometric KF titration, except the injection volume was 2 mL (ca. 1.5 g).
Homogeneity assessment
The between-bottle homogeneity of the CRM was assessed by quantifying water in 3 subsamples taken from 13 ampoules, which were randomly selected among 440 ampoules. The 
Stability assessment
The long-term stability of the CRM was assessed by quantifying water using coulometric KF titration at times of 1, 3, 6, and 12 months after the homogeneity assessment (as 0 month).
Results and Discussion
Assay for purity of water used for certification
The purity of the water was evaluated, and standard solutions for the calibration of the KF titrators were prepared by mixing water with ethanol gravimetrically as described in the Experimental section.
The purity was evaluated by a combination of freezing-point depression, which is a primary method of measurement, and the subtracting method. From the results of the purity assay by the freezing point depression method using continuous scan mode, [14] [15] [16] [17] the impurity concentration was obtained to ca. 0.1 mmol mol -1 , and the value was simultaneously consistent with the degree of freezing point depression. However, the typical detection limit of impurities using the continuous scan mode is 1 mmol mol -1 . Based on the values of the electric conductivity and the total organic carbon, the impurity concentration was considered to be much less than 1 mmol mol -1 . Therefore, the impurity concentration detected by DSC was considered to be 0, and its uncertainty was considered to be 0.29 mmol mol -1 , which was estimated from the rectangular distribution of 0.999 -1.000 mol mol -1 . 16 From the results of the purity assay by the subtracting method, the residue after evaporation was less than the detection limit (10 μg g -1 ). Furthermore, the dissolved gases are assumed to have achieved equilibrium with the atmosphere; in accordance with the reported values of the contents of dissolved nitrogen, oxygen, and carbon dioxide at 20 and 30 C, the purity value and its uncertainty were estimated from the rectangular distribution between the two temperatures (23.8 ± 1.0 μg g -1 ). Thus, the obtained purity of water was 999.98 mg g -1 . The purity of water was calculated as described below from the results of the freezing-point depression method and the subtracting method. The obtained result from the former is the amount-of-substance fractions; therefore, to convert it to mass fraction, information regarding the molecular weight of impurities is required. As impurities in water, 4 categories are assumed: dissolved gases derived from air (nitrogen, oxygen, and carbon dioxide), volatile components (easily soluble inorganic gases such as ammonia and hydrogen sulfide and volatile organic compounds), inorganic salts, and high molecular organic compounds. The components detected as residue after evaporation are inorganic salts and high molecular organic compounds, the residue is quite small; the effect of the later to the amount of substance is small because of its high molecular weight. On the other hand, volatile components would not be detected by the subtracting method; therefore, it is considered to dissipate the dissociation of the measured results obtained by both methods. Considering the above, impurities detected by DSC are volatile components and inorganic salts. The molecular weights of positive and negative ions, inorganic gases, volatile organic compounds, and so on are in the range of 20 -120; therefore, their average was assumed to be 70. In the conditions of weighing water for the preparation of calibration standard solutions, impurities are considered to dissolved gases (23.8 μg g -1 ) achieved equilibrium with air at room temperature and the component detected by DSC (average molecular weight: 70). The purity of water (mass fraction) was calculated by the following equation:
where Pwater is the purity of water (mass fraction), Ci the concentration of impurities (mass fraction), Ca the concentration of air (dissolved gases) (mass fraction), Mdsc the concentration of impurities detected by DSC (amount-of-substance fraction), Wv,s the molecular weight of volatile impurities and salts (amount-of-substance fraction), and Wwater the molecular weight of water. Then, the obtained purity of water was 999.98 mg g -1
and its uncertainty was 1.12 mg g -1 .
Method validation
In general, KF titration is considered to be a reliable method; however, some substances, such as aldehydes and sulfur compounds, are known to interrupt the KF reaction, and react directly with the electrode in a coulometric KF titration. Therefore, in this study, the validation of the analytical methods was accomplished as objectively as possible.
For the certification of this CRM, coulometric and volumetric KF titrations were adopted to avoid any systematic bias in the measurement of water content; 18 the results can be verified mutually.
NIST SRM 2890 19 was analyzed by coulometric and volumetric KF titrations. No significant difference was observed between the measured and certified values.
Since it is difficult to evaluate the matrix effect directly, the following confirmation has been performed using coulometric KF titration. First, the standard addition method was adapted to the CRM. No significant difference was found between the slope of the calibration curves obtained by this method and by analyzing standard solutions in which water was added to reagent ethanol. Therefore, the effect of the components other than ethanol in the CRM is small.
On constructing the calibration curve and certifying the CRM, the correction for the matrix effect was performed by the following procedure. Different amounts of the water were added to the CRM and reagent ethanol, respectively, and the water contents were analyzed by adjusting the injection volume so that the amounts of water injected into the KF cell would be the same. Then, a graph was plotted with the amount of matrix on the x-axis and the measured water content on the y-axis, and the measured values were corrected by extrapolation. Upon constructing the calibration curve and measuring the CRM, the correction terms obtained by analyzing the reagent ethanolwater (f1) and by analyzing CRM-water (f2) were applied, respectively. The above corrections were not applied to volumetric KF titration because of its low repeatability.
NMIJ has participated in a related international comparison study CCQM-P129 (determination of ethanol and water in bioethanol fuel).
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The pilot studies oragnized by the Consultative Committee for Amount of Substance (CCQM) under Bureau International des Poids et Mesures (BIPM) are held as preliminary studies for the key comparison studies, which were designed to evaluate the level of comparability of National Metrology Institutes' measurement capabilities. The sample matrix of this pilot study was very similar to that of the CRM, and its water content was about 2-times higher than that of the CRM. The values obtained from 3 institutes, which have implemented countermeasures for moisture absorption, including NMIJ, were within 0.9% (relative value), which is lower than the uncertainty in the certified value of this CRM. Therefore, we are firmly convinced that the analytical method used in this study has high validity, and that the certified value of the water in this CRM is very close to the real value.
Prevention against moisture absorption
Moisture absorption has to be avoided for the accurate determination of water content. Since ethanol has a high hygroscopicity, moisture absorption from the atmosphere seems to be the most probable cause of any fluctuation in the water content. In this study, a rubber cap with a three-way valve (Fig. 1 ) was used to minimize the influence of moisture.
To evaluate the speed of moisture absorption from the atmosphere, water-spiked reagent ethanol (10 mL: initial water content, ca. 3.5 mg g -1 ), a glass ampoule was used as a model. The change in the water content was monitored after opening the ampoule in a glove box (25 to 27 C; dew point, -26 to -23 C (1.7 to 2.3%RH)) or under laboratory conditions (24 to 25 C, 32 to 36%RH). The results are shown in Fig. 2 . The water content in the opened ampoule increased dramatically under the laboratory conditions. Even in the glove box, the water content increased significantly without using the cap shown in Fig. 1 . However, when using the cap, no significant increase in the water content in the ampoule was observed within 2 h. Table 1 gives the results of the homogeneity assessment (water contents relative to the mean of all analysis data). The analysis of variance (ANOVA) was used to analyze the concentration differences between bottles; then, the mean squares within groups (MSwithin) and among groups (MSamong) were calculated.
Homogeneity assessment
The inhomogeneity of the analytes evaluated by ANOVA is reflected by the uncertainty in the certified value. An ANOVA table for water contents in homogeneity assessment is given in Table S1 (Supporting Information).
From the results of ANOVA, between-bottle variation was significant (p < 0.05). However, the variance was not extremely large compared with the measurement uncertainty shown in the following sections. Therefore, the between-bottle inhomogeneity is not considered to be a problem for the raw materials of the CRM.
The between-bottle standard deviations (sbb) were calculated using
If the repeatability of the measurement method was insufficient, the influence of the analytical variation on the standard deviation between units (ubb) was calculated and used to estimate the inhomogeneity. 21, 22 The value of ubb was calculated using u n bb within
where νMSwithin represents the number of degrees of freedom of MSwithin. The calculated results of sbb and ubb were 0.102% and 0.0455%, respectively. Since the value of sbb was larger than that of ubb, sbb was adopted as the standard uncertainty due to the sample inhomogeneity. Figure 3 shows the obtained water contents in the CRM (values relative to the mean of the 0 month data) stored at room temperature (ca. 20 C), 5 C, and -30 C. At each time period and storage temperature, 2 ampoules were analyzed. The slopes 
Stability assessment
The values of s and the linear intercept, b0, were calculated using Eqs. (6) and (7), respectively:
ANOVA tables for the relative water contents in stability assessment are given in Table S2 (Supporting Information) . From the results of ANOVA, the slopes showed no significant difference. No difference between the storage conditions was observed; therefore, it was decided to store the CRM at room temperature. The uncertainty due to the long-term instability (ults) was t × s(b1) (t represents the period to the expiry date). The expiry date of this CRM has been decided to be at 3 years, and t was to 3.5 years × 365 days. By the analysis results of the stability test, s(b1) = 6.081 × 10 -6 . Therefore, ults was evaluated as 0.777%.
Analytical results and certified value
The KF titrators were calibrated using water, as described below.
where a and b represent the intercept (mg) and slope of the calibration curve, respectively. The coefficients of regression (a, b) and their uncertainties were calculated from the method of Deming. 24 Wcal is the water amount detected in the calibration solution measurement (mg), Wblank the water amount detected in the blank test (mg), f1 a correction term involving the effect of the ethanol matrix (mg), x the water amount injected into the KF cell (mg), mcal the mass of the injected calibration solution (g), and Ccal the water concentration in the calibration solution (mg g -1 ). The water content obtained by coulometric KF titration (Cc) was calculated by using the following equations:
where Wactual is the actual water amount in the sample (mg), msample the mass of the injected sample (g), Wsample the water amount detected in the sample measurement (mg), and f2 a correction term for the effect of the CRM matrix (mg). The water content obtained by volumetric KF titration (CV) was calculated by using
where Vsample is the amount of KF reagent consumed in the sample measurement (mL), Vblank the amount of KF reagent consumed in the blank test (mL), F the titer of the KF reagent (mg mL -1 ), CF the concentration of water in the solution used for standardization (mg g -1 ), mF the mass of the solution used for standardization (g), and VF the amount of KF reagent consumed for standardization (mL). Table 2 gives the results of the water contents determined using coulometric and volumetric KF titrations from 5 randomly selected ampoules, each and each, where each ampoule was analyzed 3 times. The water contents between both methods were in good agreement with each other. The certified value is the weighted mean of the results obtained by both methods,
where Cwater is the water concentration (mg g -1 ), Cc the water concentration obtained by coulometric KF titration (mg g -1 ), Cv the water concentration obtained by volumetric KF titration (mg g -1 ), and w a weight (proportional to the reciprocal of each uncertainty). Table 3 gives the weighted mean and the relative combined uncertainty. 
Uncertainty in the certified value The uncertainty in the certified value (uCRM) was evaluated by combining the uncertainties due to the analytical method (uanal), between the method (umethod), inhomogeneity (uhom), and instability (ults). uanal was calculated by the following equation using the uncertainties of the measured values and weights:
Thus, uanal was evaluated as 0.301%. umethod is regarded as the between-group variance obtained by ANOVA from the results (between the means of each ampoule). The ANOVA Table 4 summarizes the uncertainty budget of the certified value. The certified value of water was 1.688 mg g -1 and the expanded uncertainty (coverage factor, k = 2) was 0.028 mg g -1 . 25 Use of the CRM under ambient air As described above, the use of a glove box for measurements of the water content in this CRM is strongly recommended. However, in the case that the operator cannot use a glove box, moisture absorption can be reduced to some extent by using a simple rubber cap. For instance, at 45%RH (23 to 24 C), just after breaking the ampoule, a rubber cap was attached to the ampoule. A sample aliquot was collected every 10 min using a gas-tight microsyringe through the cap, and the water content was measured. After 30 min, the increase in water content was 0.014 mg g -1 , and the contents remained within the uncertainty in the certified value. The cap will be distributed with the CRM.
Conclusions
The newly characterized NMIJ CRM 8301-a is a useful tool for the quality control of water in bioethanol and similar sample matrices by calibrating instruments, by validating analytical method, or evaluating laboratory skills. The certified values are traceable to SI. 
